RNA editing at the Q/R site near the apex of the pore loop of AMPA and kainate receptors controls a diverse array of channel properties, including ion selectivity and unitary conductance and susceptibility to inhibition by polyamines and cis-unsaturated fatty acids, as well as subunit assembly into tetramers and regulation by auxiliary subunits. How these different aspects of channel function are all determined by a single amino acid substitution remains poorly understood; however, several lines of evidence suggest that interaction between the pore helix (M2) and adjacent segments of the transmembrane inner (M3) and outer (M1) helices may be involved. In the present study, we have used double mutant cycle analysis to test for energetic coupling between the Q/R site residue and amino acid side chains along the M3 helix. Our results demonstrate interaction with several M3 locations and particularly strong coupling to substitution for L614 at the level of the central cavity. In this location, replacement with smaller side chains completely and selectively reverses the effect of fatty acids on gating of edited channels, converting strong inhibition of wild-type GluK2(R) to nearly 10-fold potentiation of GluK2(R) L614A.
I N T R O D U C T I O N
Ionotropic glutamate receptors (iGluRs) are members of the pore loop superfamily of ion channels in which four subunits, or in some cases linked pseudo-subunits, generate a conducting pathway for ions through the membrane (Hille, 2001) . Each of the subunits contributes a reentrant loop between two transmembrane helices (M1 and M3) that combine to make up the pore. The reentrant loops include a short  helical domain (M2; 15 amino acids) followed by a segment of open coil that forms the narrowest section of the pore and connects to the inner transmembrane helix (M3), which lines the pore the rest of the way through the membrane (Doyle et al., 1998) . All eukaryotic iGluR subunits include an additional transmembrane helix (M4) that is required for channel function (Schorge and Colquhoun, 2003; Terhag et al., 2010; Salussolia et al., 2011) . In most superfamily members, the pore loop is located on the extracellular side and the inner helix bundle crossing, which is thought to form the gate for ion passage, faces the cytoplasm. However, iGluRs exhibit an inverted topology with the pore loop on the cytoplasmic side and the inner and outer helices connected to large extracellular domains that include the agonist-binding sites (Traynelis et al., 2010; Mayer, 2011) .
For two of the iGluR subtypes, named for the agonists 2-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) and kainate (KA), several channel properties Correspondence to James E. Huettner: j h u e t t n e r @ w u s t l . e d u Abbreviations used in this paper: AA, arachidonic acid; AMPA, 2-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid; Con A, concanavalin A; DHA, docosahexaenoic acid; iGluR, ionotropic glutamate receptor; KA, kainate; TMD, transmembrane domain.
are controlled by RNA editing (Sommer et al., 1991) , which enzymatically changes the coding for an amino acid located near the apex of the pore loop just past the end of the pore helix (Rosenthal and Seeburg, 2012) . Editing converts the sequence for glutamine (Q) in genomic DNA to a modified codon recognized by the tRNA for arginine (R) . Channels that only include unedited (Q) subunits are more permeable to calcium (Burnashev et al., 1992; Dingledine et al., 1992) , exhibit voltage-dependent block of outward current by cytoplasmic polyamines (Bowie and Mayer, 1995; Kamboj et al., 1995; Koh et al., 1995) , and display higher single channel conductance (Howe, 1996; Swanson et al., 1996) . In addition, recombinant KA receptor channels in which all subunits are edited (R) exhibit finite permeability to chloride as well as monovalent cations (P Cl /P Cs 0.74; Burnashev et al., 1996) and display strong inhibition by cis-unsaturated fatty acids, such as arachidonic and docosahexaenoic acid (AA and DHA, respectively; Wilding et al., 2005) . Finally, Q to R editing controls regulation of AMPA receptor properties by several members of the TARP auxiliary subunit family (Körber et al., 2007; Kato et al., 2008) and strongly inhibits assembly of homomeric GluA2(R) AMPA receptors (Greger et al., 2003) but not homomeric GluK2(R) KA receptors (Ma-Högemeier et al., 2010) . Perhaps surprisingly, the change from Q to R has little effect on the Q/R site interactions with the M3 helix in GluK2 kainate receptor channels revealed by thermodynamic mutant cycles
M A T E R I A L S A N D M E T H O D S
cDNA, cell culture, and transfection M. Mayer (National Institutes of Health, Bethesda, MD) provided a GluK2 cDNA construct (Panchenko et al., 1999) in the pRK5 expression vector that includes three novel silent restriction sites engineered in sequences encoding the M1 helix (NheI), the beginning of the M3 helix (MluI), and in the S2 region (BglII) downstream of M3. Site-directed mutations were generated by PCR using a mutation primer that spanned one of these novel restriction sites or the endogenous unique Bstz17I site in M3. PCR products and GluK2 were cut with the appropriate enzymes, purified, and ligated. All constructs were sequenced through the entire ligated segment by the Washington University in St. Louis Protein and Nucleic Acid Chemistry Laboratory to verify the mutation and correct restriction joints. cDNAs were expressed by transient transfection of HEK 293 cells. The HEK cells were maintained in 25-mm 2 flasks and passaged weekly using protease XXIII. Cells for transfection were seeded into 12-well plates and the next day incubated with a mixture of 1-3 µg of subunit cDNA, 1 µg cDNA encoding GFP (pEGFP; Takara Bio Inc.), and Lipofectamine 2000 according to the manufacturer's protocol. The day after transfection, cells were transferred to nitrocellulose coated in 35-mm dishes, and recordings were obtained 1-2 d later from transfected cells identified by epi-illumination.
Electrophysiology
Culture dishes were perfused continuously with Tyrode's solution (in mM): 150 NaCl, 4 KCl, 2 MgCl 2 , 2 CaCl 2 , 10 glucose, and 10 HEPES, pH 7.4 with NaOH. Electrodes contained an internal solution of (in mM) 140 Cs glucuronate, 10 EGTA, 5 CsCl, 5 MgCl 2 , 5 ATP, 1 GTP, 0.02 spermine, and 10 HEPES, pH adjusted to 7.4 with CsOH, and had an open tip resistance of 2-4 MΩ. An Axopatch 200A amplifier recorded currents, which were filtered at 1 kHz (3 dB, 4 pole Bessel), and digitized at 5-10 kHz. For most experiments, steady-state agonist responses were increased by pretreating the cells with 2 µM concanavalin A (Con A; Huettner, 1990) . A gravity-fed eight-barreled local perfusion pipette delivered control and agonist-containing extracellular solutions (160 NaCl, 10 HEPES, and 2 CaCl 2 , pH to 7.4 with NaOH) to the cells during most recordings. For rapid extracellular exchange, the solution reservoirs were maintained under 10 p.s.i. static air pressure, and flow was controlled by computer-operated electronic valves as described previously (Wilding et al., 2008) . As previously described (Wilding et al., 2010) , a low chloride extracellular solution was used to test for chloride permeability (160 Na glucuronate, 10 HEPES, and 2 CaCl 2 , pH to 7.4 with NaOH). Membrane potentials were corrected for a junction potential of 10 mV between the internal solution and Tyrode's solution in which seals were formed. Analysis I-V relations were recorded using a triangle wave stimulus to ramp the membrane potential from 160 to 110 mV at 0.75 mV/ms. Means of five ramps repeated in control solution immediately before or after exposure to KA were subtracted from the mean ramp current during KA application (Fig. S1 , A-C). In most experiments, there was little or no hysteresis between rising and descending ramps, thus interaction with polyamines was assumed to be at steady-state (Rozov et al., 1998) . In the present study, we did not use voltage jumps or ultrafast solution changes that would be needed to resolve changes in polyamine block of closed channels (Bowie et al., 1998; Rozov et al., 1998) . Chord conductance was calculated from G = I/(V m  V rev ), where I is whole-cell current, V m the membrane potential, and V rev the reversal potential. The coupling coefficient Ω for polyamine block was calculated from the following equation (Hidalgo and MacKinnon, 1995): minimal pore diameters of KA receptor channels, which have been estimated from the relative permeability of organic cations to be 7.5 and 7.6 Å for homomeric channels made up of GluK2 subunits in the Q or R forms, respectively (Burnashev et al., 1996) . Thus, editing appears to change energetic barriers to permeation without physically constricting the pore.
Our recent work (Wilding et al., 2008 (Wilding et al., , 2010 suggests that interactions between the pore loop and adjacent M1 and M3 helices may be an important determinant for gating, permeability, and susceptibility to modulation for KA receptor channels. To test this hypothesis directly, we have begun to use mutant cycle analysis (Carter et al., 1984; Hidalgo and MacKinnon, 1995) to evaluate quantitatively the energetics of interactions between residues located in M2 with those in M1 or M3. In addition, we test whether exposure to DHA changes the strength of these interactions, which provides information about how the presence of free DHA may alter the channel conformation. Mutant cycle analysis involves systematically replacing pairs of amino acids and determining whether the resulting change in channel function is larger or smaller than predicted by the sum of each substitution alone (Carter et al., 1984; Schreiber and Fersht, 1995) . Additional information can be gained by swapping the position of two residues presumed to interact. Local conformational effects induced by amino acid substitution should strongly depend on the specific characteristics of the substituted residue at each position, whereas interactions between the two substituted residues may be possible in either orientation. For example, a salt bridge may be preserved by swapping the two residues (Kollewe et al., 2009) , whereas the bridge will be disrupted by substitution for either residue individually. Strong and specific compensation such as this provides evidence for a direct interaction between the two residues. More distant residues may still exhibit either synergy or compensation, but the coupling will typically be weaker than 1.5 kT (Schreiber and Fersht, 1995) and less dependent on the specific identity of the replacing side chain, suggesting a more global change in protein conformation or through space electrostatic compensation (Chatelain et al., 2005) . Ideally, the method should provide a quantitative measure of pairwise interactions between amino acid residues.
In the present study, we have used double mutant cycle analysis to evaluate the strength of interactions between the Q/R site at the apex of the pore loop and residues along the M3 transmembrane helix. Our results from analysis of polyamine block and channel modulation by DHA provide evidence for inter actions in the open state between the Q/R site residue and the amino acid side chain at M3 position 614, despite a predicted separation of more than 8-12 Å in the closed state.
Molecular modeling
Homology modeling of GluK2(R) began with our earlier model of the GluK2(Q) homotetramer (Wilding et al., 2010) , which was based on the GluA2 crystal structure using the alignment in Fig. S2 of Sobolevsky et al. (2009) with a twofold symmetry constraint for the A/C and B/D subunits. For the present study, the high resolution discrete optimized protein energy (DOPE-HR) method (Shen and Sali, 2006) , a component of the Modeller software package (release 9v7; Eswar et al., 2008) , was used to refine the A/C and B/D M2-M3 loops with Arg at the Q/R site.
Online supplemental material Fig. S1 illustrates the lack of hysteresis in KA-evoked current for slow ascending and descending voltage ramps and the analysis of polyamine block from conductance-voltage relations. Fig. S2 shows fluctuation analysis of KA-evoked currents for GluK2(R) L614E. Fig. S3 shows I-V relations for L614D(R) and L614R(D) mutant cycles. Fig. S4 plots coupling energies derived from analysis of polyamine block for M3 substitutions with Ala, Cys, and Val. Table S1 shows reversal potentials and estimated relative chloride permeability. Online supplemental material is available at http:// www.jgp.org/cgi/content/full/jgp.201311000/DC1.
R E S U L T S
Previous work suggests that GluK2 channel inhibition by exposure to DHA depends on interactions along the interface between the pore loop helix and the transmembrane M1 and M3 helices ( Fig. 1 ; Wilding et al., 2008 Wilding et al., , 2010 . To gain more information about this interaction and determine which specific residues are involved, we tested for pairwise interactions between the Q/R site and a set of substitutions along the M3 helix.
M3 substitutions with charged side chains: Polyamine block
An earlier study showed that substitution with positively charged Arg residues at several locations along M3 significantly reduced the apparent affinity for polyamines (Wilding et al., 2010) . To test for possible electrostatic interactions between the Q/R site and these M3 positions, we compared polyamine block for single and double mutants combining positive (arginine, R) or negative (glutamate, E; and aspartate, D) side chain substitutions. Fig. 2 A shows results for R and E substitutions at
, where K d was determined at 0 mV from normalized conductance-voltage plots fit with an equation describing a voltage-dependent permeant blocker ( Fig. S1 ; Panchenko et al., 1999 Panchenko et al., , 2001 Wilding et al., 2010) : Current fluctuations were analyzed as described previously (Huettner, 1990; Wilding et al., 2008) using data recorded during slow bath application of 10 µM KA in the presence or absence of 15 µM DHA (Fig. S2) . Steady-state current variance was calculated over 100-ms time intervals after correcting for steady amplitude changes by subtracting a straight line fit. Variance ( 2 ) versus mean current (I) plots were fit with the parabolic equation  2 = i × I  I 2 /N, where i is the estimated unitary current amplitude and N the estimated number of channels (Sigworth, 1980) . Maximal open probability was estimated from P o = I max /(i × N), and exposure to DHA was assumed not to change the number of channels (N). When P o is less than 0.2, the variance versus mean plot is approximately linear with slope equal to the unitary current (i). Therefore, for cells with P o < 0.4 (17 out of 81 cells analyzed), we calculated the ratio of residual deviations (Swartz et al., 1992) to test whether there was statistical justification to use the two-parameter parabolic function instead of the best-fit straight line through the origin with the slope as the only free parameter (Fig. S2) . In 8 of the 17 cells, the parabolic fit was significantly superior and the estimated P o was >0.25, consistent with a previous simulation study suggesting that reliable estimates can be obtained for P o as low as 0.2 (Lingle, 2006) . For the remaining nine cells, we assumed a maximal P o of 0.2 and calculated the P o in DHA or control solution relative to that value. Importantly, for all of the constructs analyzed, we had several cells with P o of at least 0.4 or greater.
To compare the action of DHA on mutant (mut) and WT receptors, we calculated the change in free energy (G) from estimated open probability (P o ): G = RTln K eq , where K eq = P o / (1  P o ) and for individual mutations G = G mut  G WT = (G mut DHA  G mut )  (G WT DHA  G WT ). Coupling coefficients for M3 helix mutations with Q/R site editing were calculated from K eq values, determined both in the absence and presence of DHA, as follows: Ω = (K eq WT:WT × K eq mut1:mut2 )/(K eq mut1:WT × K eq WT:mut2 ). All results are presented as mean ± SEM unless otherwise stated. Statistical significance was assigned at P < 0.05 for comparison of currents in control and DHA-containing solutions (t test). (Wilding et al., 2008 (Wilding et al., , 2010 . Gray boxes above the sequence denote putative M2 and M3  helical domains. (B) Homology model of the M1-M3 segment of GluK2(R) A and C subunits (Wilding et al., 2010 ) based on the x-ray structure of the homomeric GluA2 AMPA receptor closed state (Sobolevsky et al., 2009 ). Side chains underlined in A are displayed including the edited (Q590R) form of the Q/R site. The region between the dashed lines is shown in Fig. 8 , as viewed from above. the Q/R site and L614 in M3. As demonstrated in previous studies (Bowie and Mayer, 1995; Kamboj et al., 1995; Koh et al., 1995) , WT homomeric unedited (Q) channels exhibit strong block by cytoplasmic polyamines as indicated by inward rectification up to 50 mV; above this voltage, outward current is restored by a progressive increase in blocker permeation through the channel (Fig. 2) . Editing of Q590 to (R) inhibits polyamine block, resulting in a current voltage relation that is linear or shows slight outward rectification (Panchenko et al., 1999) . The M3 L614E substitution has little effect on polyamine block as a single mutation of GluK2(Q) but partially restores block when combined with Q to R editing in GluK2(R). Similarly, substitution with (E) at the Q/R site causes relatively little change in polyamine block (see also Panchenko et al., 1999) but partially restores block when combined with L614R, a mutation in M3 that eliminates polyamine block of GluK2(Q) ( Fig. 2 ; Wilding et al., 2010) . Thus, the degree of compensation observed between the two charged residues is preserved when their M3 or pore loop locations are swapped. The strength of these interactions was determined from the coupling coefficients 10.2 and 12.3, indicating coupling energies of 2.3 and 2.5 kT for the R(E) and E(R) cycles, respectively, where the Q/R site residue is given in parenthesis.
In addition to position 614, we performed similar analysis for five other locations along M3 where our previous work had shown that Arg substitution mutants functioned as homomeric channels (Wilding et al., 2010) . The plot in Fig (Schreiber and Fersht, 1995; Hidalgo and MacKinnon, 1995) , the dashed line at 1.5 kT in Fig. 2 D plots the empirical coupling energy threshold for interacting residues believed to make close contact (<4 Å). In our homology model based on the closed state x-ray crystal structure of homomeric GluA2 (Sobolevsky et al., 2009 ), a substantially larger closed state separation is k is Boltzmann's constant and T is the absolute temperature. The dashed line at 1.5 kT plots the empirical coupling energy threshold for interacting residues believed to make close contact. Results are presented as mean ± SEM. neutralize the four positively charged Arg guanidinium groups at the Q/R site (e.g., L614E(R); Fig. 2 A) , which in WT edited channels are thought to preclude polyamines from ever entering the pore (see Fluctuation analysis and Discussion).
M3 substitutions with charged side chains: DHA inhibition and potentiation
In addition to polyamine block, we compared the effect of DHA application on agonist-evoked currents for homomeric GluK2 with charged amino acid substitutions in M3 (Fig. 3) . In Fig. 3 B, the black bars replot our previous data (Wilding et al., 2010) for R substitutions at M3 locations of GluK2(Q). The bright red and yellow bars show that replacing Q590 with E or D, respectively, substantially reduced the action of DHA on channels with R substitutions at three of the six positions along M3. Inhibition of G607R and W610R, as well as potentiation of L614R, was reduced by E and/ or D substitution at Q590 (i.e., I DHA /I control values were closer to 1.0 than for the same M3 Arg substitutions in GluK2(Q)), whereas inhibition of G606R and T613R, as well as potentiation of S618R, was not much affected by replacement of Q590 with a negatively charged side chain. In addition, DHA inhibition of GluK2(R) was progressively relieved by D substitution at G607, W610, and T613 and converted to potentiation for D substitutions at S618 and, most prominently, at L614. In contrast, M3 substitution with the slightly longer E side chain caused much less change in DHA inhibition of GluK2(R) predicted for several of the residues with coupling energies >1.5 kT (e.g., 8-12 Å for L614). Thus, our results would be consistent with a significant movement of the pore loop relative to M3 when channels open. However, the experiments in Fig. 2 are not entirely conclusive because polyamines, which enter and pass through the pore, might bridge between the Q/R site and M3 locations, suggesting that the energies plotted in Fig. 2 D may represent coupling between polyamines and the two different channel residues, rather than coupling between the residues themselves. This would seem to be a particular concern for channels with a negatively charged Glu or Asp substituted at the Q/R site, which might be expected to promote entry of cytoplasmic polyamines into the narrowest region of the channel despite the presence of a positively charged residue along M3. In contrast, it should be noted that polyamine block is no stronger for GluK2(E) than for GluK2(Q) (Fig. 2 A; Panchenko et al., 1999; Wilding et al., 2008) and is actually substantially weaker for GluK2(D) ( Fig. S3 ; Panchenko et al., 1999) . Thus, inward rectification is stronger for the double mutant GluK2(D) L614R than for either of the single substitutions (Fig. S3) , a result which is difficult to explain by independent interaction of polyamine with the two residues individually and instead suggests interaction between the substituted residues. Similarly, it is not clear how adding negatively charged side chains in the central cavity would facilitate polyamine block of GluK2(R) if the substituted M3 residue did not interact with and Figure 3 . Charged M3 substitutions can reverse the action of DHA. (A) Whole-cell currents evoked by 10 µM KA before and after exposure to 15 µM DHA, which inhibits homomeric GluK2(R) T613E, as for WT edited GluK2(R), but potentiates current mediated by GluK2(R) L614D. (B) Plot of KA-evoked current immediately after exposure to DHA as a fraction of control current before DHA (I DHA /I control ) for 40 GluK2 substitution mutants (4-48 cells for each construct). Gray horizontal bars centered on 0.12 and 1.0 indicate the 99% confidence intervals for WT GluK2(R) and (Q), respectively. Whole-cell currents mediated by G606R(E), G607R(E), and S618R(D) mutants were too small to analyze (X). Significant difference from WT GluK2(R) (*), WT GluK2(Q) ( †), or from the M3 Arg substitution mutant of GluK2(Q) ( ‡; P < 0.05, t test) is indicated. Results are presented as mean ± SEM.
Moreover, DHA inhibits GluK2(R) with similar onset and recovery kinetics at both negative and positive potentials (Wilding et al., 2005) , suggesting that the terminal carboxyl does not enter the pore or experience the membrane potential.
M3 substitutions with uncharged side chains: DHA inhibition and potentiation
The differences we observe between channels with E or D substitutions (Figs. 2 and 3 ) raise the possibility that steric effects may be more important than charge compensation in determining the interaction between M3 residues and the Q/R site. To test this possibility, we prepared additional mutant subunits with uncharged alanine (A), cysteine (C), or valine (V) substituted at positions T613 through I617 (Fig. 1) . As shown in Fig. 4 A, these substitutions had little or no effect on GluK2(Q), which is normally unchanged by DHA except at position S618, where inhibition was completely relieved. Collectively, our results in Figs. 2 and 3 provide evidence for interactions between the Q/R site residue and amino acids along the M3 helix that depend on the specific position along M3 and the side chain configuration (e.g., D vs. E).
Differences between the effects on polyamine block (Fig. 2) and DHA inhibition (Fig. 3) for each individual M3 substitution may reflect the different mechanisms by which these compounds interact with iGluRs. Cytoplasmic polyamines interact with the channel pore in both the open and closed states (Bowie et al., 1998; Rozov et al., 1998) and in the open state can be rapidly driven into, out of, or through the pore by changing the transmembrane voltage gradient. In contrast to block by polyamines, iGluR modulation by DHA typically involves a change in open probability (see below ; Miller et al., 1992; Wilding et al., 2008) , suggesting an effect on the conformational changes that underlie gating. . Gray horizontal bars centered on 0.12 and 1.0 indicate the 99% confidence intervals for WT GluK2(R) and (Q), respectively. As for WT GluK2(Q), DHA caused minimal change of current evoked through all of the homomeric GluK2(Q) M3 A, C, or V substitutions tested ( †, P < 0.05; t test). In contrast, DHA inhibition of GluK2(R) was reduced or reversed by many of the M3 A, C, or V substitutions (*, P < 0.05; t test). Loss of DHA inhibition was most prominent for substitutions at T613, L614, or I617 but weaker or absent at I615 and I616. Q590 forms of A and V substitutions at I615 and I616 were not generated (#). (B) I DHA /I control was inversely proportional to side chain surface area for the three uncharged A, C, and V substitutions at L614 (R = 0.99) and I617 (R = 0.978). As shown in Fig. 4 B, the effect of DHA for the three uncharged substitutions at L614 and I617 was inversely proportional to side chain surface area (correlation coefficients [R] were 0.99 and 0.98 for L614 and I617, respectively), suggesting that the local contact surface of residues at these two positions is a determining factor in how DHA alters channel operation. In addition, the fact that points for WT GluK2(R) with L at position 614 and I at position 617 fall along the relationships between I DHA /I control and side chain surface area strongly suggests that the Q/R site interacts with these residues in their native state. Fig. 4 C plots the time course of exposure (Wilding et al.,2005) . In contrast, all of the substitutions yielded some degree of relief from DHA inhibition of GluK2(R). The effect was weakest for I615 and I616, stronger for T613 and I617, and converted to clear potentiation for all three substitutions at L614. Thus, introduction of a charged side chain along M3 is not required for strong and selective modulation of inter action with the Q/R site. However, in contrast to these substantial changes in regulation by DHA, we found that most of the uncharged substitutions were less effective than E or D (Fig. 2) at restoring polyamine block to GluK2(R) (Fig. S4) . Note that except for the L614D substitution, the Q versus R editing isoforms displayed larger unitary conductance, as observed for WT receptors. Exposure to DHA increased unitary conductance for I617A (*, P = 0.0004) but had no significant effect on conductance for the other substitution mutants. (C) Percent change in conductance, P o , and I max after DHA exposure shows that larger maximal currents result from increased P o for substitutions at L614 but from increased unitary current for substitutions at I617 (*, P = 0.0064). Results are presented as mean ± SEM.
Analysis of coupling energies
To compare the strength of pore loop/M3 interactions in GluK2 with previous work on contact surfaces between (Hidalgo and MacKinnon, 1995; Schreiber and Fersht, 1995) and within (Carter et al., 1984) proteins, we used the scheme depicted in Fig. 6 A and K eq values derived from our P o estimates (Fig. 5) to calculate the coupling energies for individual substitutions with DHA treatment (Fig. 6 B) as well as the coupling between M3 substitutions and Q/R site editing (Fig. 6 C; peak current potentiation upon DHA exposure for homomeric GluK2(R) L614A in a cell that was not treated with Con A, illustrating that potentiation did not require elimination of desensitization by Con A preincubation. The onset of potentiation developed along an exponential time course ( = 1.5 ± 0.5 min, n = 3) and involved minimal change in the kinetics of current activation and desensitization or in the steady-state/ peak current ratio. Recovery from potentiation was slow when cells were washed with control saline ( = 16.4 ± 2.8 min, n = 3) but significantly speeded ( = 0.84 ± 0.31 min, P < 0.02) by inclusion of 0.1% BSA in the wash solution (Wilding et al., 1998) .
Fluctuation analysis
To determine whether the changes observed in wholecell current upon exposure to DHA resulted from alteration in permeation or gating, we used fluctuation analysis to estimate the unitary conductance and open probability for several of the M3 substitution mutants that reduced or reversed the inhibition normally seen for WT GluK2(R). As shown in Fig. 5 , for all four of the GluK2(R) L614 substitutions analyzed (A, C, V, and D), exposure to DHA increased the maximal current without a substantial change in the parabolic relation between variance and mean current amplitude. Thus, the action of DHA primarily involved an increase in open probability (Fig. 5, A and C) , with no significant change in unitary conductance (Fig. 5, A and B) , which is proportional to the initial slope of the variance versus mean plot. In control solution, the (Q) form of these four substitutions had relatively high P o , which was minimally affected by exposure to DHA (Fig. 5 A) . Consistent with the idea that negatively charged side chains substituted along M3 can interact with and neutralize Arg guanidinium groups at the Q/R site, we observed significantly higher estimated unitary conductance for GluK2(R) L614D (Fig. 6 B) and L614E (Fig. S2 ) than for any of the uncharged substitutions. Thus, D or E substitution at position 614 selectively lowered the energy barrier to cation flux through edited channels, but exposure to DHA did not change the unitary current amplitudes for either the D(R) or E(R) constructs.
In contrast to the L614 substitution mutants, the potentiation observed for GluK2(R) I617A resulted from an increase in unitary conductance, which was also seen to a lesser extent for I617C (note the change in initial slope for I617A(R) and I617C(R) in Fig. 5 A) . Interestingly, our earlier analysis (Wilding et al., 2010) showed that potentiation of GluK2(Q) L614R by DHA involves a substantial increase in unitary current and a smaller increase in P o . Thus, the charge, surface area, and specific position of side chain substitutions along M3 work in combination with the Q/R site residue to determine both unitary current and open probability in control conditions and after treatment with DHA (see Discussion). (B) G mut  WT for the effect of DHA on Q and R forms of each M3 substitution mutant. All substitutions exhibit stronger coupling in the R form than in the Q form. (C) G coupling for M3 substitutions and Q/R editing in the absence or presence of DHA. All substitutions exhibit stronger coupling in the presence of DHA than in control conditions, but note that substantial coupling, >1.5 kT, does not require exposure to DHA. The dashed lines at 1.5 kT plot the empirical coupling energy threshold for interacting residues believed to make close contact. Results are presented as mean ± SEM. relatively permeable to Cl in control solutions (P Cl /P Cs 0.5) and exposure to DHA shifting the reversal potential consistent with a nearly 60% reduction in chloride permeability.
To investigate whether DHA affected permeation properties of M3 substitution mutants of GluK2(R), we compared ramp I-V relations for current evoked by KA in control external solution (NaCl), alone or with 15 µM DHA, with the currents recorded in an external solution with nearly all of the chloride replaced by glucuronate (see Materials and methods). Among the M3 mutants examined, we observed three different response patterns (Fig. 7 and Table S1 ). For L614A and C (Fig. 7, A and B) , exposure to DHA potentiated current at both negative and positive potentials and reduced chloride permeability as indicated by a rightward shift in reversal potential. For L614V and I617A substitutions (Fig. 7, C and D) , the entire I-V relation was shifted to the right such that currents were potentiated at negative potentials (compare with Fig. 4 A) but reduced relative to control at positive potentials. For L614D (Fig. 7 E) , currents were potentiated by DHA at all potentials with little or no change in reversal potential and minimal evidence for chloride permeability in these mutants when external chloride was replaced with glucuronate. As previously described (Burnashev et al., 1996; Wilding et al., 2010) , WT GluK2(R) displayed finite chloride permeability; exposure to DHA inhibited current at all potentials (Wilding et al., 2005) but with only a slight change in reversal potential (Fig. 7 F) . Together, these results show that in many cases chloride permeability decreases with DHA modulation, possibly via movement of positive charges away from the central axis of the pore (see below; Wilding et al., 2010) ; however, a substantial reduction in chloride permeability is not necessary for either potentiation or inhibition by DHA.
D I S C U S S I O N
Collectively, our results provide evidence that editing at the Q/R site substantially alters interaction between the pore loop and side chains along an adjacent segment of the M3 helix and that exposure to DHA increases the strength of this interaction specifically for edited subunits. The results also highlight a significant transition from M3 residues directly adjacent to the pore loop approximately up to the level of T613, where most sub stitutions produced only partial reductions in DHA inhibition of GluK2(R), and locations at the level of the central cavity including L614, I617, and S618, where complete reversal of the effect of DHA was observed. Our energy calculations are consistent with the possibility of direct interaction between R590 and several of the residues along M3. At many locations, the G values exceeded 1.5 kT, an energy level which is typically observed for interactions known to involve see Materials and methods). Fig. 6 B plots the coupling energies (G mut  WT ) for the left-and right-hand faces of the cubic scheme in Fig. 6 A, allowing comparison of the effect of DHA on substitution mutants of GluK2(Q) and (R), respectively. In each case stronger coupling was observed for M3 substitutions to GluK2(R). For comparison, the black bar in Fig. 6 B plots the coupling energy for Q to R editing, corresponding to the top face of the cubic scheme in Fig. 6 A. As expected, all of these M3 substitutions, which relieve or reverse DHA inhibition of GluK2(R), showed coupling that was equal to or greater than that resulting from Q/R editing alone. Fig. 6 C plots the double mutant cycle coupling energies between M3 mutations and Q/R site editing in the absence (solid bars) or presence (hatched bars) of DHA, which correspond to the back and front faces of the cubic scheme in Fig. 6 A. All of the substitutions exhibit stronger coupling in the presence of DHA; however, it should be noted that even in the absence of DHA, four of the six substitutions exceed coupling energies of 1.5 kT, which was proposed as the empirical cut-off between interactions that involve a direct contact between the two substituted residues (G > 1.5 kT) and those likely to be mediated by indirect allosteric effects (G < 1.5 kT; Schreiber and Fersht, 1995; Ranganathan et al., 1996) . Thus, although treatment with DHA substantially increases the apparent coupling between the pore loop and M3 helix, strong coupling does not require DHA exposure (compare with Fig. 2) . Importantly, the coupling energies calculated from measurements in control solution (Fig. 6 C, solid bars) do not involve any third variable and thus represent proper double mutant cycles that should indicate the strength of interaction between residues. As noted above for polyamine block, however, we cannot rule out the possibility that coupling energies determined in the presence of DHA reflect changes in the interactions of DHA with each of the substituted residues. If this is the case, it would suggest that strong energetic coupling results from a reduction in interaction with position 614 because the L614D substitution would be expected to repel both the hydrophobic alkene chain and the terminal carboxyl group of DHA.
I-V relations in DHA
In contrast to the significant voltage dependence of GluK2(Q) block by cytoplasmic polyamines (Bowie and Mayer, 1995; Kamboj et al., 1995; Koh et al., 1995) , DHA inhibits GluK2(R) equivalently when holding steady at negative and positive membrane potentials with essentially no difference in the rate of onset or recovery from inhibition (Wilding et al., 2005) . However, we previously showed that potentiation of currents mediated by homomeric GluK2(Q) L614R after exposure to DHA involves a change in relative permeability to chloride ions (Wilding et al., 2010) , with GluK2(Q) L614R being the G for coupling between DHA and Q590R editing exceeds 1.5 kT (Fig. 6 B, black bar) , so that any mutation able to prevent DHA from interacting with the channel should exhibit a double mutant coupling energy change of similar magnitude. The fact that several of the substitutions analyzed in Figs. 5 and 6 do not just eliminate inhibition by DHA but convert it to potentiation demonstrates that a simple mechanism involving loss of the DHA binding does not apply. Instead, the M3 substitutions are likely to alter channel function by changing the conformation and/or interactions of the arginine side chains within edited channels. Third, the surprisingly high values for estimated coupling energies in many of our constructs may reflect the fact that all of our energy calculations were performed for homomeric channels that include four mutated/edited subunits. Yet even if we assume that each subunit only contributes a quarter of the total coupling energy, it is still the case that for many of our M3 substitutions paired with GluK2(R) the estimated contribution for each individual subunit would be >1.5 kT, which does support the suggestion of direct contact with the Q/R site. If there is any asymmetry in the open state, such that A/C and B/D subunit pairs do not contribute equivalently, then the energy values for the more strongly coupled subunits would be even larger than if all four are equivalent (see below). Finally, our GluK2(R) homology model (Wilding et al., 2010) based on the closed state crystal structure of the GluA2 AMPA receptor (Sobolevsky et al., 2009 ) predicts an 8-12-Å separation between R590 and L614, which if correct suggests a significant movement would be needed to bring them into contact in the open state. Such large movements may be tolerated in iGluR channels, which do not need to maintain the very narrow selectivity filter observed in potassium channels that imposes single file passage of K ions while excluding Na and other ions (Doyle at al., 1998) . Fig. 8 A shows a cross section through the transmembrane domain (TMD) of our model (Wilding et al., 2010) viewed from the extracellular side looking in toward the pore loop with residues L614 and I617 displayed as semitransparent cyan and orange spheres, respectively. In the closed state (depicted), both residues are on the side of the M3 helix facing the pore (compare with Fig. 1 B) , but neither side chain aims directly at the central axis. Instead, L614 points clockwise around the pore toward the I617 residue on the adjacent subunit. This orientation seems likely to be correct based on the high degree of amino acid identity between GluK2 and GluA2 along nearly the entire length of the M3 helix (Fig. 8 B) . In addition, the homologous L606 and I609 residues of GluA1, when substituted with cysteine, can be modified by 2-aminoethyl methanethiosulfonate (Sobolevsky et al., 2003) , confirming that they are accessible to the pore. In contrast, the relative location of the Q/R site residue is much less direct contact from independent structural information (Schreiber and Fersht, 1995) ; however, several factors suggest that values >1.5 kT may not be absolutely conclusive in the present case. First, as noted above, the coupling energies determined from polyamine block and DHA modulation may reflect polyamine or DHA interacting with the two substituted positions and not a direct interaction between the two residues. However, this concern should not apply to coupling determined from open probability in the absence of DHA. Second, Figure 7 . I-V relations in DHA. (A-F) Whole-cell currents were elicited by KA between 150 and 100 mV as membrane potential was ramped at 0.75 mV/ms in control external solution (NaCl) before (black) and after (red) exposure to 15 µM DHA. After recovery from DHA, KA-evoked current was recorded using extracellular Na glucuronate (blue). DHA increased inward and outward current and shifted reversal potentials to the right for GluK2(R) L614A (A) and L614C (B; insets 20 to 20 mV and 40 to 40 pA) and shifted the entire I-V to the right for GluK2(R) L614V (C; inset 20 to 20 mV and 15 to 15 pA) and I617A (D; inset 30 to 10 mV and 40 to 40 pA). (E) GluK2(R) L614D showed little change in reversal potential with either DHA exposure or glucuronate substitution for chloride (inset 20 to 20 mV and 10 to 10 pA). (F) WT GluK2(R) was inhibited by DHA at negative and positive potentials with little change in reversal potential (inset 20 to 20 mV and 40 to 40 pA).
M3 residues to strong potentiation with the various substitution mutants. Although DHA modulation produces an apparent increase in unitary conductance for several M3 substitutions, which could involve a localized change in energy barriers for ion passage along the conduction pathway, for other M3 substitutions, the effect on macroscopic current amplitude can be attributed almost entirely to a change in open probability, possibly suggesting a more global change in subunit conformation that is nevertheless specific to edited channels. Importantly, even in the absence of DHA, the homomeric channels formed by GluK2(R) L614D (Fig. 5 B) and L614E (Fig. S2 ) exhibit substantially higher estimated unitary conductance than WT GluK2(R) or the subunits with L614 replaced by uncharged side chains, suggesting that electrostatic neutralization significantly enhances cation flux independent of DHA. Moreover, the L614D substitution, which reduces side chain surface area at this position, yielded potentiation with DHA exposure via an increase in open probability. In contrast, channels with L614E substitution, which increases the side chain surface area, were inhibited, on average, to nearly the same extent as WT GluK2(R) (Fig. 3) , suggesting that steric accommodation of the Q/R site Arg side chains underlies the changes in gating. Clearly, complete resolution of these possibilities will require more information about the open state conformation of iGluR channels, and for this reason we did certain because there was only weak electron density for side chains along M2 in the crystal structure and even the C backbone for most residues in the selectivity filter was not resolved (Sobolevsky et al., 2009) . Whether this disorder of the selectivity filter reflects the existence of multiple discrete conformations or more continuous intrinsic mobility of this segment within functional iGluR channels is not known. Fig. 8 A actually shows two possible orientations for the Q/R site Arg side chain because we constrained the A/C and B/D subunits to be symmetric throughout the model but did not impose local fourfold symmetry within the TMD.
Although the conformation of the open state is not known, our combined results (Wilding et al., 2010; this study) suggest that channel opening may involve a clockwise rotation of the M3 helix as viewed from the extracellular domain in Fig. 8 A (Perozo et al., 1999; Flynn et al., 2001) , bringing the residue at position 614 closer to the central axis, thus facilitating closer contact with Arg at the Q/R site and accounting for the strong effects on chloride permeability observed for substitutions at this location (Fig. 7) , including GluK2(Q) L614R (Wilding et al., 2010) . If DHA acts on the channel to oppose this rotation or to reorient M3 in the agonist bound state, then differences in the ability of the local contact surface to interact with and/or accommodate the Arg guanidinium group might explain the change from strong inhibition of GluK2(R) with WT Residues Q590R, L614, and I617 are shown for each subunit, with semitransparent spheres for the side chains of L614 (cyan) and I617 (orange). (B) Partial sequence alignment for the selectivity filter and inner helix segments of KA receptor subunit GluK2(R) (P42260), AMPA receptor subunit GluA2(R) (P19491), NMDA receptor subunits GluN1 (P35439) and GluN2A (Q00959), and subunits of five potassium channels including Kir2.1 (35561), Kir3.4 (P48544), Kv4.2 (Q63881), Kv1.5 (P22460), and KcsA (P0A334). Presumed  helical segments are underlined. Colors indicate inter actions between locations in the pore loop (orange) and inner helix (red) of homomeric channels, between the pore helix (cyan) and inner helix (green) of adjacent NMDA receptor subunits, or locations along the inner helix of Kv4.2 and Kv1.5 proposed to interact with AA (blue). Asterisks indicate the location of L614 and I617. GluA2 amino acid residues that are not identical to GluK2 are shaded gray.
access to iGluR channels involves entry from the pore loop selectivity filter side, and the restoration of outward current flow with strong depolarization is interpreted as relief of block by polyamine permeation (Bähring et al., 1997) . Addition of negatively charged residues along the M3 helix of GluK2(R) channels apparently enables entry and increased dwell time of polyamines within the pore; and, swapping the position of the charges preserves this effect.
As for NMDA (Miller et al., 1992) and KA (Wilding et al., 1998) receptors, many potassium channels are susceptible to modulation by cis-unsaturated fatty acids (Boland and Drzewiecki, 2008) . Fluorescence quenching and electron paramagnetic resonance studies Smithers et al., 2012) of fatty acid interaction with reconstituted KcsA channels have detected annular interactions around the channel perimeter as well as nonannular binding at the interface between subunits where anionic phospholipids also bind (Valiyaveetil et al., 2002) . In addition, these studies provide evidence for fatty acid entry into the central cavity Smithers et al., 2012) . Recent work on voltagegated K + channels of the Kv4 family suggests that inhibition by AA involves an interaction with the S4-S5 linker region and residues along the inner and outer helices facing away from the pore (Heler et al., 2013 ). In contrast, experiments on Shaker family K + channels indicate that substitutions at several sites along the porefacing side of the inner helix can reduce inhibition by AA (Decher et al., 2010) , including an Ile to Val substitution mediated by RNA editing of Kv1.1. This I to V substitution also speeds recovery of Kv1.1 from N-type inactivation (Gonzalez et al., 2011) , leading to the suggestion that both AA (Decher et al., 2010) and the N-terminal inactivation domain (Gonzalez et al., 2011) directly interact with the residue at this position, which is homologous to I617 in GluK2 as well as D172 in Kir2.1 (Fig. 8 B) . A scan of Kv1.5 identified at least six inner helix locations where inhibition by 10 µM AA was substantially reduced or eliminated by Ala substitution for Ile, Val, or Pro (Decher et al., 2010) , suggesting the contact surface for interaction with AA extends along several inner helix turns. Thus, at least three possible mechanisms for how DHA modulation of GluK2(R) channels is modified by substitutions at L614, I617, and/or S618 must be considered. First, if DHA were to enter through the bundle crossing and bind directly in the central cavity as proposed for fatty acid inhibition of Kv1.1 and 1.5 (Decher et al., 2010) , then substitution with smaller residues at L614 and I617 might provide additional space for DHA to bind and convert steric inhibition of WT GluK2(R) into allosteric potentiation for the A, C, and V substitution mutants. This possibility seems unlikely because it would not explain the similar levels of potentiation we observe for L614D and S618D substitutions, which not undertake detailed electrostatic free energy calculations (see below) that might yield additional insights once an open state structure is available.
In addition to our analysis of KA receptors, previous studies of other members of the superfamily have also provided evidence for interaction between the transmembrane inner helix and residues near the tip of the pore loop (Fig. 8 B) . For example, current flow through inwardly rectifying Kir2.1 channels with Arg or Lys replacing the native Thr141 (homologous to M589 in GluK2) requires the presence of negative charge in the central cavity supplied by the native Asp172 residue. Kir2.1 T141K or R channels lose function when Asp172 is substituted with an isosteric neutral residue, but activity can be restored by Glu or Asp substitution for C169 or I176 one turn of the helix below or above position 172 (Chatelain et al., 2005) . A similar form of electrostatic compensation was observed in work on K 2P potassium channels (Kollewe et al., 2009) , and in this case, it was shown that swapping the location of the paired charged residues yielded roughly the same level of channel function. Moreover, the work on K 2P channels and on a linked K 2P tandem tetramer (Kollewe et al., 2009 ) demonstrated similar levels of electrostatic compensation between pore loop and inner helix charged residues substituted on the same subunit or on adjacent subunits but not on the subunit arranged diagonally across the pore. Finally, in Kir3.4 (GIRK) channels, steric clash between Thr149 (homologous to the Q/R site) and large side chains substituted at a conserved inner helix glycine residue (Gly175) is thought to underlie the reduction in current through homomeric channels formed by these mutant subunits (Chatelain et al., 2005; Logothetis, 2006, 2007; Kollewe et al., 2009) .
Substitution with a positively charged K or R side chain at the tip of the pore loop in Kir2.1 channels reduced barium block but did not alter relative permeability to monovalent cations or prevent inward rectification by cytoplasmic polyamines (Chatelain et al., 2005) , and, as mentioned above, channel function was blocked without a negative counter charge in the central cavity. In contrast, homomeric edited GluK2(R) channels are functional, exhibit novel permeability to chloride as well as monovalent cations (Burnashev et al., 1996) , and are not blocked by polyamines (Bowie and Mayer, 1995; Kamboj et al., 1995; Koh et al., 1995) . Addition of negative charge in the central cavity reduces chloride permeability of GluK2(R) and increases inward rectification, indicating a partial restoration of polyamine block. The inverted topology and larger minimal pore diameter of iGluR channels (7.5 vs. 3 Å) are likely to underlie these differences. Cytoplasmic polyamines enter K + channels through the open bundle crossing but permeate through the narrow selectivity filter of K + channels very slowly, if at all. In contrast, subunit pairs in the open state (Payandeh et al., 2012) . In addition, our results to date cannot determine whether the interactions occur within individual subunits or between different subunits in the tetramer. The work on K 2P channels described above has documented electrostatic compensation between the pore loop of one subunit and inner helix residues either on the same subunit or on adjacent subunits (Kollewe et al., 2009) . In addition, a compelling recent study of NMDA receptors (Siegler Retchless et al., 2012) presents evidence for intersubunit interaction between residues along the M2 helix of GluN1 and a serine at the position in M3 of GluN2 that is homologous to G607 in GluK2 (Fig. 8 B) . Our ongoing work is now focused on resolving these questions of open state symmetry and within versus between subunit interactions in the pore of GluK2.
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Christopher Miller served as editor. should strongly reduce fatty acid binding along the inner walls of the cavity. In addition, entry of the fatty acid carboxyl group along the ion permeation pathway would be expected to be significantly voltage dependent, which is not observed for inhibition of WT receptors or potentiation of many of the M3 mutants. Alternately, if there is direct contact in the open state between arginine side chains from the Q/R site and regions along the walls of the central cavity formed in large part by the leucines at position 614, then substitutions with smaller and/or negatively charged side chains might better accommodate the four positive guanidinium groups either by electrostatic compensation (Chatelain et al., 2005; Kollewe et al., 2009) in the case of M3 substitutions with Glu and Asp or simply by expanding the cavity volume in the case of uncharged Ala, Cys, and Val. In this scenario, DHA would likely act somewhere outside of the central cavity by an allosteric mechanism that alters the relative motion of the pore loop to accentuate the Q/R site interaction with M3. A third possibility is that DHA may act by partitioning into the membrane and interacting with the TMD along the interface between adjacent subunits or, possibly, by changing membrane mechanical properties (Patel et al., 2001; Bruno et al., 2007) . In this case, M3 substitutions with smaller side chains might alter the allosteric effect of DHA, possibly by opening or enlarging lateral fenestrations that have been observed in several recent channel crystal structures (Payandeh et al., 2011; Brohawn et al., 2012; Miller and Long, 2012) , including homomeric GluA2 (Sobolevsky et al., 2009; Mayer, 2011) , and have been proposed to allow greater access to the pore by hydrophobic modulators, including fatty acids (Patel et al., 2001) . Finally, we cannot entirely rule out the possibility that DHA acts via two independent mechanisms with inhibition caused by DHA binding within the pore and potentiation by a second type of interaction outside of the pore.
KA receptor-mediated whole-cell currents in cultured rat hippocampal neurons are inhibited by AA and DHA (Wilding et al., 1998) . As for neuronal receptors in vivo, the receptors present on neurons in dissociated cultures are likely to be heteromeric combinations that include both edited and unedited subunits (Roche and Huganir, 1995; Wilding and Huettner, 2001; unpublished data) . Although recombinant WT receptors expressed in heterologous cells only exhibit strong inhibition when all subunits are edited (Wilding et al., 2005) , our experiments on homomeric channels providing evidence for interaction between the pore loop Q/R site residue and side chains along the inner helix are likely to be relevant to understanding the operation and modulation of native receptors. As mentioned above, however, our results do not reveal whether these interactions are fourfold symmetric or whether there is any difference or asymmetry between the A/C and B/D
